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-Transfer function analysis of spontaneous oscillations in blood pressure (BP) and cerebral blood flow (CBF) can quantify the dynamic relationship between BP and CBF. However, such oscillation amplitudes are often small and of questionable clinical significance, vary substantially, and cannot be controlled. A t the very low frequencies (< 0 .0 7 Hz), coherence be tween BP and CBF often is low (< 0 .5 0 ) and their causal relationship is debated. Eight healthy subjects performed repeated squat-stand maneuvers to induce large oscillations in BP at frequencies of 0.025 and 0.05 Hz (very low frequency) and 0.1 Hz (low frequency), respectively. BP (Finapres), CBF velocity (CBFV; transcranial Dopp ler), and end-tidal CO2 (capnography) were monitored. Spectral analysis was used to quantify oscillations in BP and CBFV and to estimate transfer function phase, gain, and coherence. Compared with spontaneous oscillations, induced oscillations had higher coherence [mean 0.8 (SD 0.11); > 0 .5 in all subjects at all frequencies] and lower variability in phase estimates. However, gain estimates remained unchanged. Under both conditions, the "high-pass filter" characteris tics of dynamic autoregulation were observed. In conclusion, using repeated squat-stand maneuvers, we were able to study dynamic cerebral autoregulation in the low frequencies under conditions of hemodynamically strong and causally related oscillations in BP and CBFV. This not only enhances the confidence of transfer function analysis as indicated by high coherence and improved phase estim a tion but also strengthens the clinical relevance of this m ethod as induced oscillations in BP and CBFV mimic those associated with postural changes in daily life. cerebral blood flow; transcranial Doppler ultrasonography; blood pressure; transfer function analysis c o n t i n u o u s m e a s u r e m e n t s of cerebral blood flow (CBF) veloc ity (CBFV) using transcranial Doppler (TCD) have shown that CBFV is affected by dynamic perturbations in blood pressure (BP) considered to lie within the "autoregulatory range" (2,10, 28, 41). Transfer function analysis of spontaneous oscillations in BP and CBFV quantifies this dynamic pressure-flow rela tionship of the cerebral circulation and has suggested that cerebral autoregulation is more effective at low compared with high frequencies (the "high-pass filter" effect) (7, 8, 10, 27, 39). However, this method may be limited by the relatively small magnitude of spontaneous oscillations. Also, assessment of dynamic cerebral autoregulation based on spontaneous changes in BP and CBFV exhibits substantial individual vari ability under most experimental conditions (27, 33) . In addi tion, coherence between these oscillations at low frequencies (<0.07 Hz) generally is low (<0.5), and thus it is uncertain whether the quantification of the transfer function is statisti cally reliable (39) and whether oscillations in CBFV and BP are causally related (12). In practice, most studies exclude data with coherence < 0.5 for analysis, which can amount to one-third of all collected measurements (16, 22) .
Squatting followed by standing produces dramatic changes in BP (31). In daily life comparable maneuvers occur fre quently, e.g., when standing up after tying shoelaces or picking up something from the floor, and these maneuvers are often accompanied by symptoms of light-headedness suggestive of cerebral hypoperfusion. When such squat-stand maneuvers are performed repeatedly, large and periodic changes in BP and CBFV are created (3). Thus the magnitude of these changes is representative of daily life challenges for cerebral autoregula tion.
We conducted this study to address the following hypothe ses: 1) oscillatory changes in BP and CBFV at specific low frequencies (0.025, 0.05, and 0.1 Hz) can be induced with repeated squat-stand maneuvers, thus creating relatively narrow-band but high-amplitude signals; and 2) with increased correlation between BP and CBFV, and reduced signal to noise, transfer function assessment of dynamic cerebral auto regulation at the low and very low frequencies would be improved, associated with reduced variability in phase and gain estimates.
METHODS

Subjects
. W e studied eight healthy young subjects (4 men), age 30 yr (SD 4), weight 72 kg (SD 18), systolic/diastolic BP 114 (SD 5.4)/70 m mHg (SD 8.7). These subjects were free of known disease, used no medication, and did not smoke.
E thical approval. The study complies with the standards set by the latest revision o f the Declaration of Helsinki and was approved by the Institutional Review Boards of the University o f Texas Southwestern M edical Center and Presbyterian Hospital o f Dallas. All participants provided informed consent in writing.
Instrumentation. BP was m easured in the finger by photoplethys mography (Finapres, Ohmeda, Madison, WI). W e and others have shown that this method reliably assesses dynamic changes in beat-tobeat BP that correlate well with intra-arterial recordings and can be used to quantify the dynamic pressure-flow relationship of the cere bral circulation (29, 39, 40) . The servo-reset mechanism was turned off during data collection for a maximum of 5 m in to allow uninter rupted data recording (25) . Intermittent BP was also measured in the arm by electrosphygmomanometry (SunTech Medical, Morrisville, NC), with a microphone placed over the brachial artery and the Korotkoff sounds gated to the electrocardiogram (ECG). The arm (VLF; 0 .0 2 -0 .0 7 Hz), low frequency (LF; 0 .0 7 -0 .2 Hz), and high frequency (HF; 0 .2 -0 .3 5 Hz) (39) . B ecause we w ished to make com parisons, the oscillations induced by repeated squat-stand ma-pressure was used to verify the accuracy of the finger pressure recordings throughout the experiment.
CBFV was obtained in the middle cerebral artery (MCA) by TCD ultrasonography. This technique allows noninvasive and repeatable estimates of changes in CBF on a beat-to-beat basis. A 2-MHz Doppler probe (DWL Elektronische Systeme) was placed over the temporal window and fixed at a constant angle and position with a custom-m ade individually shaped mould. End-tidal CO2 (ETCO2) was m onitored with a nasal cannula using capnography (Criticare Systems, W aukesha, WI). In addition, arterial saturation (pulse-oximetry) and three-lead ECG were registered. E xperim ental procedures. All experiments were performed in the morning, at least 2 h after a light breakfast and 12 h after the last caffeinated beverage or alcohol, in a quiet, environmentally controlled laboratory with an ambient tem perature o f 22°C. A fter at least 10 min rest in sitting position, 5-min segments o f BP and CBFV data were recorded during spontaneous respiration. These data were used for spectral analysis of spontaneous oscillations in BP and CBFV. Next, repeated squat-stand maneuvers were performed. A fter careful in struction and practice, participants were coached into performing these maneuvers at a frequency of 0.025 Hz (20-s squat followed by 20 s standing up), 0.05 Hz (10-s squat, 10-s stand), and 0.1 Hz (5-s squat, 5-s stand) for 5 min each, separated by 10 m in of recovery between the maneuvers. During these maneuvers, subjects were in structed to keep normal breathing and to avoid a Valsalva-like maneuver.
D ata processing. The analog finger BP and Doppler CBFV signals were sampled simultaneously at 100 Hz (M ulti-Dop X2, DWL). Real time beat-to-beat m ean values of pressure and velocity were calcu lated as waveform integration of the sampled pressure and velocity signal within each cardiac cycle, divided by the corresponding pulse interval and stored for off-line analysis. Beat-to-beat changes in mean BP and CBFV were aligned with the time of R wave peaks of the ECG and linearly interpolated, then resampled at 2 Hz to convert the unequally spaced beat-to-beat time series to a uniformly spaced time series for spectral and transfer function analysis. The time series were detrended with third-order polynom ial fitting and then subdivided into 128-point segments (64 s) with 50% overlap for spectral estimation. This process resulted in eight segments of data for the segment periodogram average, with a spectral resolution of ~0 .0156 Hz. In this way, each segment contains at least one full period of oscillations at the low est frequency (0.025 Hz) and up to six full periods of oscillations at the frequency of 0.1 Hz. Fast Fourier transforms were implemented with each Hanning-windowed segm ent and averaged to calculate the autospectrum o f BP and CBFV. This analysis was repeated after adjustm ent o f the window length to the cycle length of the squat-stand maneuvers, to the effect that each window contained three cycles. Because this did not alter transfer function estimates, the described standard window lengths were used for both spontaneous and induced oscillations. Breath-to-breath values for ETCO2 were linearly interpolated and resampled at 2 Hz, and spectral analysis was performed to estim ate the variability in ETCO2. Respiratory fre quency was obtained from spectral analysis of continuous recording of CO2 waveforms.
Transfer fun ction estim ation. Estimation of transfer function gain, phase, and coherence function was based on the cross-spectral method (39) . Transfer gain quantifies how changes in BP are transmitted into CBFV; a low er gain suggests that oscillations in CBFV in response to changes in BP are either buffered by active changes in cerebrovascu lar resistance out of phase with changes in BP (dynamic autoregula tion) (16, 19, 20) and/or by increases in steady-state cerebrovascular resistance (38) . The phase spectrum describes the temporal relation ship between changes in BP and CBFV at different frequencies (7, 8, 16) . Finally, estimates of coherence function quantify to what extent changes in CBFV are linearly correlated with changes in BP.
T ransfer function analysis for spontaneous oscillations was carried out in the three frequency dom ains: very low frequency 154 neuvers were analyzed in the same frequency domains as used for spontaneous oscillations: squat-stand maneuvers at 0.025 and 0.05 Hz were analyzed in the VLF domain (0.02-0.07 Hz); 0.1-Hz maneuvers were analyzed in the LF domain (0 .0 7 -0 .2 Hz).
For induced oscillations, we also performed the analysis around each of the three evoked frequencies. Thus 0.025-Hz maneuvers were analyzed in the range 0 .02-0.06 Hz, and 0.05-Hz maneuvers were analyzed in the range 0.0 3 -0 .0 8 Hz in all subjects. The 0.1-Hz maneuvers were analyzed in the range 0 .0 8 -0 .1 4 Hz in seven subjects and 0.1 1 -0 .1 7 Hz in one subject with the peak at 0.14 Hz. Transfer function gain, phase, and coherence did not differ significantly be tween the choices of the frequency bands. Therefore, we will only report the results based on the same frequency ranges as used for spontaneous oscillations.
Statistical analysis. Comparisons between baseline and squat-stand maneuvers and between different frequencies were performed using ANOVA for repeated measures. The data for BP, CBFV, heart rate (HR), and CO2 had a normal distribution (Kolmogorov-Smirnov test), and repeated-measures ANOVA with Bonferroni posttest for multiple comparisons if P < 0.05 was applied. Normal distribution could not be assumed for the data for spectral power, transfer function gain, phase, and coherence. Therefore, the nonparametric Friedman test with Dunn posttest was applied. Statistical significance was set at P < 0.05. Data are presented as means (SD).
RESULTS
Hemodynamics effects of squat-stand maneuvers. Large os
cillations in BP and CBFV were observed at all three frequen cies of repeated squat-stand maneuvers (Figs. 1-3 ). There was a low intersubject variability in the frequency induced by the repeated squat-stand maneuvers, determined from the peak of the BP and CBFV power spectra: maneuvers at 0.1 Hz induced a peak at 0.11 Hz in seven subjects and 0.14 Hz in one subject; maneuvers at 0.05 and 0.025 Hz induced peaks, respectively, at 0.047 and 0.031 Hz in all eight subjects. Table 1 shows that the mean values of BP, HR, ETCO2 and respiratory frequency did not change significantly due to the repeated squat-stand ma neuvers, despite the increased oscillation amplitude. Fluctua tions in ETCO2 were slightly enhanced during these maneuvers (Table 2) .
Magnitude ofinduced oscillations. The repeated squat-stand maneuvers at 0.025 and 0.05 Hz resulted in, respectively, 15-fold and 40-fold increases in BP spectral power (compared with spontaneous VLF oscillations), while at 0.1 Hz, a 100 fold increase occurred relative to spontaneous LF oscillations (Fig. 3) . These augmented oscillations in BP led to 10-, 20-, and 100-fold increases in CBFV spectral power at 0.025, 0.05, and 0.1 Hz, respectively. Thus increases in CBFV oscillations were relatively smaller than increases in BP oscillations at 0.025 and 0.05 Hz but not at 0.1 Hz, indicat ing more effective damping at the lower frequencies (Fig.  35) . As expected this was corroborated by lower gain in these frequencies (Fig. 4) .
Transfer function gain, phase, and coherence. (Fig. 4) . LF coherence. LF coherence (<0.07 Hz) was increased in all subjects. Low coherence may indicate that changes in CBFV are relatively independent of changes in BP and thus may reflect an intact cerebral autoregulation, while increases in coherence have been interpreted to reflect impairment of au toregulation (10). Could the higher coherence indicate that autoregulation was less efficient for the large hemodynamic changes during the repeated squat-stand maneuvers? Given that transfer function gain was not different from spontaneous oscillations, a similar degree of damping for the much stronger induced oscillations in BP makes this very unlikely (19) . We propose that the increased coherence reflects improved "signalto-noise ratio" for induced oscillations. Finally, it can be speculated that the high coherence for induced oscillations may O T 100 -
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Frequency range Frequency (Hz) (3) 38 (4) 40 ( Fig 2) . For comparison, results obtained from repeated squat-stand maneuvers are plotted as black dots (mean and SE) at their respective frequencies (0.025, 0.05, and 0.1 Hz). Statistical comparisons were made using Friedman test with Dunn posttest. *P < 0.05 for differences between frequency bands within each group. **P < 0.05 for differences be tween the 2 groups (spontaneous oscillations vs. induced oscillations). characteristics of dynamic cerebral autoregulation (15). The consistency of transfer function gain and phase estimates between spontaneous and augmented changes in BP and CBFV suggests that for each specific frequency, CBFV changed in proportion with changes in BP, revealing linear dynamic sys tem properties (35) . Given that BP and CBFV spectral power during repeated squat-stand maneuvers was substantially higher than for spontaneous oscillations (10-to 100-fold), linear transfer function analysis can be applied in a wide range of changes in BP and CBFV. Of note, for induced oscillations, even though the pattern of higher phase and lower gain for VLF than for LF frequencies is consistent with a high-pass filter, the pattern of phase and gain within VLF is not. A slight decrease in gain and increase in phase from 0.025 to 0.05 Hz (Fig. 4) is not consistent with the characteristics of a typical first-order high-pass filter, which would suggest increases in gain and decreases in phase with an increase in frequency from 0.025 to 0.05 Hz. These observations indicate the presence of high-order (>1) regulatory mechanisms for cerebral hemody namics.
ETCO2 during repeated maneuvers. Fluctuations in ETCO2
were enhanced slightly during repeated squat-stand maneuvers ( Table 2 ). Considering that CBF changes 3% for each Torr change in ETCO2, the spectral power of these fluctuations translates into fluctuations in CBFV with a maximum of 2.5%, which is small relative to the >20% of change induced by BP. Moreover, the repeated body movements may introduce arti facts in capnography registration of the CO2 waveform, which do not affect mean ETCO2 estimation but could cause overes timation of fluctuations. We did not find a temporal relation ship between fluctuations in ETCO2 and oscillations in BP or CBFV. Conclusions. We have demonstrated that large and coherent oscillations in BP and CBFV at the low frequencies of 0.025, 0.05, and 0.1 Hz can be induced by repeated squat-stand maneuvers. This study succeeded in inducing high-amplitude oscillations in the low frequencies, in combination with high coherence, thereby allowing confident comparisons of the behavior of dynamic cerebral autoregulation in low vs. high frequencies. The magnitude of these hemodynamics changes as well as the maneuvers through which they are induced argu ably are representative of the daily physiological challenges put to cerebral autoregulation, such as orthostatic hypotension. Phase estimates at the low frequencies below 0.07 Hz were substantially improved by the augmented BP and CBFV oscil lations. We conclude that addition of these maneuvers to an analysis based on spontaneous oscillations enhances the infor mation obtained from transfer function analysis and may be an important step toward its translation and implementation in clinical medicine where patients are able to perform these maneuvers.
Study limitations.
